Basic Jak--STAT signaling
=========================

Cytokines are proteins that are secreted and mediate communication between cells. The biological functions of cytokines are achieved by binding with high affinity and specificity to cell-surface receptors, thereby triggering signal transduction cascades that regulate cellular activation, proliferation, differentiation, and survival. Many, if not most, cytokines use the Janus kinase (Jak)--signal transducer and activator of transcription (STAT) signaling pathway to mediate gene activation or repression. The discovery of the Jak--STAT pathway arose out of studies of mechanisms of gene induction by interferons (IFNs) \[[@B1]\]. Transcriptional activation of a number of IFN-inducible genes was rapid and independent of new protein synthesis, indicating that IFNs activated transcription by modifying the activity of pre-existing proteins and transcription factors. Subsequently, experiments from a large number of laboratories have defined the Jak--STAT signaling pathway.

Jaks are protein tyrosine kinases that are pre-associated with membrane-proximal regions (termed box 1 and box 2) of cytokine receptors. It seems that only four mammalian Jaks exist: Jak1, Jak2, Jak3, and Tyk2. Each contains a catalytically active kinase domain and a regulatory pseudokinase domain at the carboxy terminus of the protein. The domain responsible for the binding of Jaks to receptors is located at the amino terminus. The binding of cytokine ligands results in dimerization of receptor subunits, thus increasing the local concentration of Jaks and bringing these kinases into close proximity. The Jaks become activated as a result of tyrosine phosphorylation, and initiate the signal transduction cascade by phosphorylation of tyrosine motifs present in receptor cytoplasmic domains and in receptor-associated proteins. Phosphotyrosine-containing motifs in receptor cytoplasmic domains act as docking sites for many signaling proteins, including STATs (Fig. [1](#F1){ref-type="fig"}). Receptor-associated proteins activated by Jaks include kinases that then activate signaling pathways parallel to but distinct from the Jak--STAT pathway. However, Jaks are thought to lie at the apex of the signaling cascade and to be required for all cytokine signal transduction via type I and type II cytokine receptors. In some cases, Jak expression is required for appropriate cell surface expression of receptors \[[@B2]\], and thus Jaks can have a structural as well as a catalytic role in signal transduction.

STATs are present as latent monomeric proteins in the cytoplasm of most cells. After cytokine ligation of receptors, STATs are recruited to the receptor signaling complex by interactions between STAT Src homology 2 (SH2) domains and specific receptor phosphotyrosine sequences. One important determinant of the specificity of STAT activation by individual receptors is the affinity and specificity of the SH2--phosphotyrosine interaction \[[@B3]\]. Once recruited to the receptor, STATs themselves are phosphorylated on a unique conserved carboxy-terminal tyrosine. Tyrosine phosphorylation of STATs is associated with dissociation from the receptor and the formation of STAT:STAT dimers, which is mediated by reciprocal SH2--phosphotyrosine interactions between the dimer partners. The STATs can all form homodimers, and, in addition, STAT1:STAT3 and STAT5A:STAT5B heterodimers have been described; STAT1 can associate with STAT2 and interferon regulatory factor 9 (IRF9) in a heterotrimeric complex termed interferon-stimulated gene factor 3 (ISGF3).

STATs acquire DNA-binding activity through dimerization, and then translocate to the nucleus, where they bind to gene promoters and activate transcription. STAT transcriptional activity is potentiated by phosphorylation of a conserved carboxy-terminal serine residue \[[@B4]\], which increases interactions with additional proteins that are important in STAT-mediated transcription, such as mini-chromosome maintenance 5 (MCM5). Besides tyrosine and serine phosphorylation, arginine methylation has been described to be another post-translational modification mechanism that is required for optimal gene activation by STATs, at least in the IFN--STAT1 pathway \[[@B5]\]. STATs can interact directly with transcriptional coactivators such as CBP (CREB-binding protein)/p300, and may also need to interact with additional proteins such as MCM5 and N-Myc-interacting protein (Nmi) to achieve maximal transcriptional activation. STATs are often involved in the regulation of complex promoters or enhancers that bind multiple transcription factors, where they can bind as tetramers (a process mediated by the amino terminus), and interact with additional transcription factors such as Jun, specificity protein 1 (Sp1), and the glucocorticoid receptor.

Typically, cytokine stimulation involves the ligation of (at least) two different receptor subunits, and this results in the association of a pair of different Jaks. For example, IFN-γ activates Jak1 and Jak2, and IFN-α activates Jak1 and Tyk2. Although individual STAT proteins may be activated by multiple ligands, certain cytokines preferentially activate particular STATs. IFN-γ preferentially activates STAT1, interleukin (IL)-6 preferentially activates STAT3, and IL-4 preferentially activates STAT6. A series of biochemical and genetic experiments have revealed that the specificity of STAT activation is not determined by the Jaks that are activated, and the different kinases can substitute for each other. Instead, the specificity is likely to arise from specific interaction between STAT SH2 domain and receptor phosphotyrosine motifs \[[@B6]\]. This pattern of STAT activation does allow a certain level of specificity of cytokine action. However, in the circumstances in which multiple cytokines activate common STATs, one intriguing question is that of how the specificity of cytokine signaling is achieved. For example, both IFN-γ and IL-6 activate STAT1. However, IFN-γ and IL-6 trigger very distinct cellular responses. In such a case, what determines signaling specificity is the cross-regulation between STAT1 and other STATs such as STAT3 because in the cells lacking STAT3, IL-6 actually mediates an IFN-γ-like response \[[@B7]\]. Another level of specificity lies in the interaction of STATs with promoter sequences, because different STATs have different affinities for sequences that vary from the consensus sequence TTCCNGGAA either in individual base pairs or in the spacing between half-sites \[[@B3]\].

Biology of STATs
================

There are seven mammalian STATs: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. STATs serve important functions by regulating the expression of effector genes and by regulating cell differentiation, survival, and apoptosis. Each STAT gene has been deleted in mice, and analysis of the phenotype of STAT-deficient mice has been helpful in unraveling the role of STATs in normal physiology and under certain pathological conditions. These gene targeting studies have shown that STATs have nonredundant functions in regulating various aspects of host immune responses as well as many non-immune processes. Overall, STATs are not required for the development or survival of mice; an exception is STAT3, whose targeted deletion results in embryonic lethality \[[@B8]\].

STAT1
-----

Many of the important immune regulatory functions of STAT1 can be explained on the basis of its key role in mediating responses to IFNs. Gene targeting experiments \[[@B9],[@B10]\] suggest that the primary role of STAT1 *in vivo*is to mediate IFN signaling, because responses to other cytokines that activate STAT1 seem preserved in STAT1-deficient mice. STAT1 deficiency results in enhanced susceptibility to viral infections and leads to an inability to handle infections with intracellular pathogens. STAT1 mediates the anti-viral and immune/inflammatory effects of IFNs through the induction of immune effector and inflammatory genes such as major histocompatibility complex (MHC), costimulatory molecule, chemokine, complement, IRF1, inducible nitric oxide synthase, and Fcγ RI genes. In contrast, STAT1 mediates anti-proliferative and pro-apoptotic effects of IFNs, suggesting that STAT1 also has the potential to restrain inflammation. Interestingly, infection of STAT1-deficient mice with an attenuated strain of influenza leads to a chronic pulmonary inflammatory condition culminating in death, despite normal clearance of the virus \[[@B11]\]. Moreover, STAT1-null mice exhibit increased susceptibility to experimental autoimmune encephalomyelitis and increased severity of arthritis \[[@B12],[@B13]\], implying a role of STAT1 *in vivo*in suppressing certain autoimmune disorders.

These dual and opposing roles for STAT1 conform to a homeostatic paradigm in immune activation in which molecules that promote cell activation and effector function also have a role in limiting the response, such that excessive activation and autoimmunity are avoided. STAT1 is also important in host anti-tumor responses. Work with mice deficient in STAT1 demonstrates that endogenous STAT1 functions as part of the tumor suppressing system and shapes the immunogenic phenotype of developing tumors \[[@B14]\], the phenomenon termed \'cancer immunoediting\'. Besides its unequivocal role in modulating immune responses, STAT1 also possesses non-immune functions, such as the regulation of bone formation and destruction under homeostatic and pathological conditions. STAT1\'s action on bone is complex because it attenuates both osteoclast formation and osteoblast differentiation \[[@B15]-[@B17]\]. Increased bone mass in STAT1-deficient mice suggests that during homeostasis the effect of STAT1 on osteoblasts is more significant than its effect on osteoclasts.

STAT2
-----

So far, STAT2 has been shown to be activated only by IFN-α/β and IFN-λs \[[@B18],[@B19]\], and to be necessary for IFN-α/β responses, such as the antiviral response. Accordingly, STAT2-null mice exhibit increased susceptibility to viral infections \[[@B20]\]. STAT2 together with STAT1 and IRF9 form the heterodimeric transcription complex ISGF3 and assembly of ISGF3 is necessary for IFN-α/β responses in a wide variety of cell types. STAT2 can also form complexes with STAT6 and IRF9 specifically in B cells; the significance of STAT2:STAT6 interactions in B cells is not yet clear.

STAT3
-----

STAT3 is pleiotropic and can be activated by multiple cytokines including IL-6, IL-10, and IFN-α/β. Because STAT3 is essential for the early development of mouse embryos \[[@B8]\], conditional gene targeting has been employed to elucidate the biological function of STAT3 in various organs and cell types. In bone marrow progenitor cells, STAT3 negatively regulates granulopoiesis \[[@B21]\]. Deletion of STAT3 during hematopoiesis results in abnormalities in myeloid cells, leads to overactivation of innate immune responses, and causes inflammatory bowel disease-like pathogenesis \[[@B22]\]. In T cells, STAT3 is important in IL-6-mediated suppression of apoptosis, and potentiates proliferation through this mechanism \[[@B23]\].

STAT3 is also required for optimal IL-2-induced T cell proliferative responses by upregulating the expression of IL-2Rα \[[@B24]\], a component of the high-affinity IL-2 receptor. In contrast to its pro-immune action in T cells, deletion of STAT3 in myeloid cells results in hyperactivation of macrophages, marked increases in inflammatory cytokine production, and inflammatory bowel disease \[[@B25]\], demonstrating the immune-suppressive and anti-inflammatory function of STAT3 in the myeloid lineage. Because the response to IL-10 was completely abolished in STAT3-deficient macrophages and neutrophils, the hyperactive phenotype of these mice suggests that the *in vivo*action of STAT3 in macrophages and neutrophils is to mediate the anti-inflammatory effects of IL-10. The chronic enterocolitis in myeloid cell-specific STAT3-null animals might be a result of overproduction of IL-12 triggered by Toll-like receptor 4 (TLR4) signaling \[[@B26]\], suggesting a role for STAT3 in orchestrating innate and adaptive immunity. In addition, a recent report shows that STAT3 signaling in antigen-presenting cells is required for the induction of antigen-specific T cell anergy and thus immune tolerance \[[@B27]\], providing further insight into the immune regulatory action of STAT3.

Besides immune system cells, STAT3 gene has been conditionally ablated in several other cell types such as keratinocytes, epithelial cells, endothelial cells, mammary gland, and motor neurons. Deleting STAT3 in keratinocytes reveals that STAT3 is essential for skin remodeling and wound healing \[[@B28]\]. Interestingly, mammary-gland-specific ablation of STAT3 demonstrates that STAT3 is indispensable for the apoptosis of epithelial cells that is required for normal mammary gland involution \[[@B29]\], in contrast to the anti-apoptotic role of STAT3 in T cells and probably in fibroblasts. Thus, depending on cell type and cell context, STAT3 can contribute to either apoptosis or survival. A causal role for STAT3 in oncogenesis is supported by the finding that the introduction of a constitutively active form of STAT3 is sufficient for cellular transformation \[[@B30]\]. This result, together with the observation that constitutive activation of STAT3 has been detected in human cancer cells, focuses attention on the importance of STAT3 in malignancy. Collectively, the roles of STAT3 are complex, because STAT3 can have opposing effects on different cells, depending on cell type and activation status.

STAT4
-----

STAT4 is activated by IL-12 and IL-23 in murine cells \[[@B31]\], and additionally is activated by IFN-α in human cells by being recruited to type I IFN receptor through interaction with STAT2 \[[@B32]\]. As might be expected for a STAT activated by canonical Th1 cytokines, STAT4-deficient mice exhibit impaired Th1 differentiation, IFN-γ production, and cell-mediated immune responses \[[@B33],[@B34]\]. As a result, STAT4 knockout mice are resistant to Th1-dependent autoimmune diseases. However, the exact contribution of IL-12 versus IL-23 to STAT4 activation *in vivo*needs to be clarified in view of the recent discovery of IL-23 and especially its crucial role in certain autoimmune processes \[[@B35]\].

STAT5
-----

Closely related STAT5 proteins, STAT5a and STAT5b, are encoded by different but chromosomally linked genes and seem to have overlapping yet distinct functions. STAT5a cannot entirely compensate for STAT5b deficiency, and vice versa. STAT5 is activated by a wide range of cytokines, including growth hormone, prolactin, epidermal growth factor, platelet-derived growth factor, the hematopoietic cytokines IL-3, granulocyte/macrophage colony-stimulating factor, IL-5, and erythropoietin, and also cytokines that act on lymphocytes and share a common gamma (γ~c~) receptor chain (IL-2, IL-4, IL-7, IL-9, and IL-15). Results from mice singly deficient in either of the STAT5 genes demonstrate a specific and limited role for individual STAT5 proteins \[[@B36]\]. Mammary gland development is greatly impaired in STAT5a-deficient mice but not in STAT5b-null animals. T cells from STAT5a-deficient mice have decreased proliferation secondary to diminished expression of the IL-2Rα chain \[[@B37]\], similar to the phenotype of STAT3-null T cells. Thus, STAT3 and STAT5 have nonredundant roles in maintaining IL-2Rα expression because they cannot substitute for each other. STAT5b-deficient mice have a more significant proliferation defect that cannot be corrected by high-dose IL-2, and decreased numbers of NK cells with diminished cytolytic activity \[[@B38]\].

Mice doubly deficient in both STAT5a and STAT5b genes are infertile, and a significant proportion of these mice die within a few weeks of birth. Consistent with the phenotype of STAT5a and STAT5b singly deficient mice, the doubly deficient animals exhibit defective development of mammary glands and impaired T cell proliferation in response to IL-2. In addition, these mice lack NK cells, develop splenomegaly over time, and have peripheral T cells that exhibit an activated phenotype; these are not seen in animals lacking STAT5a or STAT5b alone. Compromised immune system function in mice doubly deficient in STAT5a and STAT5b genes demonstrates an important role for STAT5 in mediating the effects of cytokines that activate Jak--STAT signaling in lymphoid cells. STAT5 is also important in myeloid cell mobilization and survival, and thus in the formation of inflammatory exudates.

STAT6
-----

STAT6 is activated by IL-4 and IL-13, and, in B cells, by IFN-α; STAT6 target genes include those encoding immunoglobulin heavy chain ε, CD23, MHC class II, GATA-3 and c-maf. STAT6 deficiency results in defective Th2 responses, with diminished Th2 differentiation, diminished IgE production, and diminished proliferative responses to IL-4 \[[@B39],[@B40]\]. Interestingly, there is a STAT6-independent pathway of Th2 differentiation, which is revealed when BCL6 is absent.

Negative regulation of STAT signaling
=====================================

Ligation of cytokine receptors typically results in a transient activation of the Jak--STAT signaling pathway. STAT activity often peaks about 5--30 min after cytokine stimulation, followed by a decay back to baseline over the subsequent 1--4 hours, although there are also several examples of sustained STAT activation. In addition, it has become clear that signaling by the Jak--STAT pathway can be blocked after preincubation with antagonistic agents. These observations suggest that there must exist mechanisms for downregulating cytokine Jak--STAT signaling, and multiple inhibitory mechanisms have been described. Downregulation of cytokine signaling is likely to be important for homeostasis and the prevention of chronic inflammation or autoimmunity. Both constitutive inhibitory pathways and inducible mechanisms have been described. These mechanisms can act at several levels in cytokine signaling, targeting the receptors, Jaks, or the STATs themselves. Constitutive inhibitory mechanisms include proteolysis, dephosphorylation, and interaction with inhibitory molecules termed protein inhibitors of activated STATs (PIAS). Three major regulated or inducible inhibitory mechanisms have been identified, mediated by downregulation of receptor expression, through the induction of inhibitory molecules termed suppressors of cytokine signaling (SOCS) proteins, and by rapid mitogen-activated protein kinase (MAPK) or protein kinase C (PKC)-dependent modification of pre-existing signaling components.

Inhibition of receptor expression
---------------------------------

One effective way of turning off cytokine signaling is by turning off expression of the cytokine receptor. This mechanism is important in the regulation of T cell differentiation. Expression of the IL-12 receptor β 2 subunit is extinguished during Th2 development, with a concomitant loss of IL-12 signaling \[[@B41]\]. IL-2 signaling is also modulated during Th2 development by IL-4-dependent suppression of IL-2 receptor β chain expression, with the resulting suppression of STAT5 and its target gene activation, but preservation of proliferative responses \[[@B42]\]. During Th1 development or during T cell expansion in the presence of IFN-γ, expression of the IFN-γ receptor beta subunit is suppressed at the level of transcription, possibly to allow escape from the anti-proliferative effects of IFN-γ and allow cell expansion \[[@B43],[@B44]\]. Inhibition of IL-2 receptor and Jak3 expression by glucocorticoids is one mechanism by which glucocorticoids suppress T cell expansion \[[@B45]\].

Proteolysis
-----------

One proposed mechanism for degrading cytokine signaling components is the coupling of signaling proteins to proteasomes by SOCS molecules (see also the section on SOCS proteins below). SOCS can bind to ubiquitin ligase complexes and target receptors and Jaks for degradation \[[@B46],[@B47]\]. For example, the stability of Jak2 seems to be regulated through a SOCS1-mediated proteasome pathway \[[@B48]\]. Proteasome inhibitors have also been found to stabilize STAT5 activity, but ubiquitinated forms of STAT5 were not detected, and the possibility of an indirect mechanism was raised \[[@B49]\]. Interestingly, several viruses are capable of destabilizing STAT molecules and thus antagonizing host immune responses. The phenomenon of virus-induced STAT degradation has been reported for STAT1, STAT2, and STAT3 \[[@B50]-[@B53]\].

Dephosphorylation
-----------------

The SH2 domain-containing tyrosine phosphatases SHP-1 and SHP-2 can be recruited to receptor complexes and downregulate signaling. SHP-1 inhibits signaling by erythropoietin and IFN-γ. Mice with defective SHP-1 (*motheaten*) exhibit an autoimmune/inflammatory phenotype, and hyperactive Jak--STAT signaling might contribute to this phenotype. Genetic studies indicate that SHP-2 is involved in the negative regulation of IFN-stimulated Jak1 activation \[[@B54]\]. CD45, a protein tyrosine phosphatase (PTP) previously characterized in antigen receptor signaling, has been recently described to be a Jak phosphatase, and gene targeting experiments support an important role of CD45 in downregulating erythropoietin and IFN signaling \[[@B55]\]. PTP1B is another phosphatase that has been reported to dephosphorylate Jaks, especially Jak2 and Tyk2 \[[@B56]\]. STATs can also serve as targets for phosphatases, both in the cytoplasm and in the nucleus. STAT1 is dephosphorylated in the nucleus and returns to the cytoplasm \[[@B57]\], and TC45 and SHP-2 are proposed STAT1 phosphatases in the nucleus \[[@B58],[@B59]\]. In contrast, STAT5 can be dephosphorylated in the cytoplasm, possibly by SHP-2 \[[@B60]\]. It seems that there is substrate specificity in the dephosphorylation of STATs by PTPs, and it is not clear how this specificity is achieved.

PIAS proteins
-------------

PIAS proteins constitute a family of related proteins expressed both in the cytoplasm and in the nucleus. So far, there are four mammalian members in this family: PIAS1, PIAS3, PIASX and PIASY. PIAS1, PIAS3, and PIASX have been shown to interact with STAT1, STAT3, and STAT4, respectively \[[@B61]-[@B63]\]. In addition, PIASY can also associate with STAT1 \[[@B64]\]. PIAS proteins interfere with STAT-dependent gene activation by several distinct mechanisms. The best-characterized activity of PIAS is its ability to block STAT DNA binding. However, PIAS can inhibit STAT transcriptional activity without affecting STAT DNA binding. The physiological role of PIAS in regulating STAT signaling has been demonstrated in *Drosophila*\[[@B65]\]. The function of mammalian PIAS proteins *in vivo*remains to be determined.

SOCS proteins
-------------

SOCS, also termed JAB, SSI, or CIS molecules, are proteins that inhibit signaling by a large number of cytokines that use the Jak--STAT signaling pathway \[[@B66]-[@B68]\]. So far, CIS (the original family member to be cloned), SOCS1, SOCS2, and SOCS3 have been shown to inhibit cytokine signaling, and the functions of SOCS4--SOCS7 are largely unknown. SOCS1 and SOCS3 interact with Jaks by means of an SH2--phosphotyrosine interaction, and SOCS1 is an effective inhibitor of Jak catalytic activity; SOCS3 is much less effective at inhibiting Jaks directly. SOCS3 has been shown to interact with gp130 receptor chain, and this interaction is necessary for the effective inhibition of signaling to occur. CIS interacts with the IL-3 receptor and inhibits signaling, possibly by competing for and blocking phosphotyrosine docking sites that are important for signal transduction.

SOCS proteins are short-lived and ubiquitinated, and it is possible that they also work by targeting receptors and other signaling components for degradation. Except for a few tissues such as thymus and fetal liver \[[@B69],[@B70]\], SOCS are not expressed at baseline and are rapidly induced as immediate early genes in response to cytokines that themselves activate the Jak--STAT pathway, or inflammatory cytokines such as IL-1 and tumor necrosis factor (TNF). Thus, SOCS might be important in feedback inhibition, and in cytokine antagonism. Gene targeting experiments demonstrate that SOCS1 and SOCS3 are essential in the regulation of immune responses. SOCS1-deficient mice exhibit hyper-responsiveness to IFN-γ and IL-4 stimulation. The pathology in SOCS1-null animals resembles that of IFN-γ transgenic mice and can be prevented by crossing with IFN-γ-deficient mice or by using IFN-γ neutralizing antibodies \[[@B71]\]. Thus, an important role for SOCS1 *in vivo*is the regulation of IFN-γ signaling, although SOCS1 also functions as a regulator of innate immunity by modulating TLR signaling \[[@B72],[@B73]\]. SOCS3 is induced by multiple cytokines and has been suggested to be inhibitory for both IL-6 and IL-10 *in vitro*. However, gene targeting studies reveal unexpected specificity in regulating cytokine signaling by SOCS3. In SOCS3-deficient macrophages, only IL-6 signaling was augmented and altered, whereas IL-10 activation of STAT3 remained untouched \[[@B74]-[@B76]\], indicating that SOCS3 preferentially regulates IL-6 responsiveness *in vivo*.

Rapidly inducible mechanisms (dependent on MAPK or PKC and independent of *de novo*protein synthesis)
-----------------------------------------------------------------------------------------------------

SOCS-dependent inhibition of cytokine signaling is delayed by the necessity of producing SOCS mRNA and protein in response to an extracellular stimulus. Cytokine signaling can also be inhibited by rapidly inducible mechanisms that act within a few minutes \[[@B77]\] and are not dependent on *de novo*protein synthesis or on SOCS proteins. IL-6 signaling (and, in some cases, IL-10 signaling in myeloid cells) is rapidly inhibited by preincubation with IL-1, TNF, phorbol 12-myristate 13-acetate (PMA), or ionomycin \[[@B77]-[@B79]\], and IL-2 signaling is inhibited in preactivated, cycling T cells after religation of the T cell receptor \[[@B80]\]. One mechanism of rapid inhibition of cytokine signaling is mediated by MAPKs. For example, extracellular regulated kinases are important in the inhibition of IL-6 signaling by PMA \[[@B78]\], and of IL-2 signaling by T cell receptor religation \[[@B80]\]. In contrast, the p38 stress kinase (a member of a subfamily of MAPKs) is necessary for the inhibition of IL-6 signaling by IL-1 \[[@B79]\]. Rapid inhibition of Jak--STAT signaling can also occur through PKC-dependent pathways. Ligation of Fc receptors by immune complexes inhibits IL-10 STAT activation. The mechanism of inhibition involves decreased expression of cell-surface IL-10 receptor and is dependent on PKCδ \[[@B81]\]. It is likely that rapidly inducible, MAPK-dependent or PKC-dependent inhibitory mechanisms work together with SOCS-dependent pathways to achieve effective inhibition of signaling over a broad time frame.

Positive regulation of STAT signaling
=====================================

Although much attention has focused on the negative regulatory pathways of Jak--STAT signaling, it is increasingly becoming apparent that cytokine signal transduction can also be positively modulated or sensitized. One report shows that IFN-γ signaling is positively modulated by previous exposure to low subthreshold concentrations of type I IFNs (IFN-α/β). The mechanism of sensitization of IFN-γ signaling by type I IFNs depends on low-level IFN-α/β signaling that leads to an association between the two nonligand-binding receptor subunits, IFN-αR1 and IFN-γR2, and increased dimerization of tyrosine-phosphorylated STAT1 \[[@B82]\]. In addition to signaling crosstalk with IFN-α/β, IFN-γ signaling can also be sensitized in a positive feedforward loop by low doses of IFN-γ that do not themselves activate detectable signaling events \[[@B83]\]. Sensitized IFN-γ signaling is mediated by sustained elevation of STAT1 expression induced by low concentrations of IFN-γ that do not effectively engage feedback inhibition by SOCS proteins. IFN-γ is a major activator of macrophages, and sensitization of IFN-γ signaling might be particularly important to achieve full macrophage activation early in immune responses when IFN-γ levels are low. Another example of such a positive self-regulatory loop is the induction of IFN-stimulated gene 15 (ISG15) by IFNs and the positive regulation of IFN signaling by IFN-activated ISG15. ISG15, a small protein homologous to ubiquitin, can be conjugated to cellular proteins in a process called ISGylation, and ISGylation in turn greatly enhances IFN-activated Jak--STAT signaling \[[@B84]\]. Positive and negative regulatory mechanisms of IFN signaling are illustrated schematically in Fig. [2](#F2){ref-type="fig"}.

Reprogramming of cytokine signaling
===================================

One emerging concept in Jak--STAT signaling is that not only can the quantity of signal transduction be positively or negatively regulated, but also the nature of cytokine responses can be altered or reprogrammed. Thus, the exact cellular response to a cytokine is determined by the presence of a particular stimulus as well as the microenvironment to which cells are exposed. One such example is the reprogramming of IL-10 signaling by IFN-α and IFN-γ \[[@B85],[@B86]\]. IL-10 is a weak activator of STAT1 in myeloid cells and does not normally induce STAT1 target genes, which IFN-γ does. However, pre-exposure to type I IFNs reprograms STAT activation by IL-10 such that STAT1 is preferentially activated by IL-10 in these cells, resulting in the induction of a group of STAT1-dependent genes and thereby a gain of inflammatory function \[[@B85]\]. IFN-γ is also able to switch the balance of IL-10 STAT activation from STAT3 to STAT1, with concomitant downregulation of STAT3-dependent gene expression, and partial attenuation of IL-10 anti-inflammatory function \[[@B86]\]. The mechanisms of reprogramming of IL-10 signaling mediated by IFN-α and IFN-γ might be distinct. It seems that IFNs operate a switch that rapidly regulates STAT activation by IL-10 and alters macrophage responses to IL-10. Dynamic regulation of the activation of different STATs by the same cytokine provides a mechanism by which cells can integrate and balance signals delivered by opposing cytokines, and extends our understanding of cross-regulation by opposing cytokines to include reprogramming of signaling and alteration of function.

Conclusions
===========

The activation of Jak--STAT signaling involves only two groups of proteins, Jaks and STATs, and does not require the synthesis of any new molecules. Ligation of the cytokine receptor on the cell surface is directly translated into transcriptional responses in the nucleus. However, such a seemingly simple pathway is subject to sophisticated modulation by multiple factors at multiple levels of signal transduction. The net outcome of a cytokine stimulation is orchestrated by several cellular events that involve positive regulation, negative regulation, and reprogramming of STAT activity. The physiological functions of STATs have been unraveled using mouse genetics. The involvement of STATs in rheumatic disease pathogenesis is an emerging area of research and is reviewed elsewhere \[[@B87],[@B88]\]. Understanding the pathological roles of STATs would certainly help in the development of novel therapeutic strategies. For example, STAT3\'s oncogenic property might be a valuable target for novel tumor therapeutics. At the same time, potentiating STAT3\'s anti-inflammatory action in myeloid cells might be beneficial in treating inflammatory disorders. The expression of STAT1 along with several putative STAT1 target genes is elevated during synovitis in rheumatoid arthritis \[[@B83],[@B89]\], but it is not known whether this overexpression of STAT1 is pathogenic or protective given the pleiotropic nature of STAT1. Indeed, STAT1 is protective in one animal model of rheumatoid arthritis \[[@B13]\]. Thus, STATs might have divergent effects on the pathogenesis of arthritis, depending on cell type and possibly on the stage of disease.
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![Cytokine activation of the Jak--STAT pathway. Cytokine ligation and dimerization of plasma membrane receptors results in activation of receptor-associated Jak kinases and phosphorylation of receptor cytoplasmic domain tyrosine residues. STATs dock on these phosphotyrosine motifs by means of their Src homology 2 (SH2) domains. STATs are then phosphorylated on a conserved carboxy-terminus tyrosine, dimerize, and translocate to the nucleus to activate gene transcription. Transcriptional responses can be detected within a few minutes of receptor ligation. The use of a small number of protein:protein or protein:DNA interactions between the extracellular ligand and gene promoters allows specificity in signal transduction. Jak, Janus kinase; STAT, signal transducer and activator of transcription.](ar1197-1){#F1}

![Activation of positive and negative feedback loops by interferons (IFNs). Low priming doses of IFNs will preferentially activate positive feedback loops, such as association with other receptors (not shown) and the induction of expression of IFN-stimulated genes that function as positive regulators of signaling, such as STAT1 and interferon-stimulated gene 15 (ISG15) (right). Higher doses of IFNs will also activate feedback inhibition, such as the induction of expression of suppressors of cytokine signaling (SOCS) (left). Jak, Janus kinase; STAT, signal transducer and activator of transcription.](ar1197-2){#F2}
